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Studies on carbon emissions associated with land use and cover change (LUCC) are key to understanding the impact of human activities on regional sustainability. In this study, we analyzed
the temporal and spatial changes in carbon emissions associated with LUCC for production, living,
and ecological spaces in Zhengzhou City of China. Landsat remote sensing images were used to
classify the land use and land cover (LULC) types in Zhengzhou City in 1988, 2001, 2009, and
2015. Carbon emissions associated with LUCC were evaluated using a spatial gradient model and
the niche mechanism. It was found that during 1988–2015, carbon emissions associated with
LUCC in Zhengzhou City increased by 17.1  106 t, while the carbon sink resulted from cultivated
land, forests, water bodies, and unused land decreased signiﬁcantly. Most of the increase in carbon
emissions associated with LUCC occurred in the center of the city. The peak carbon emissions were
located in the northeastern, southeastern, northwestern, and southwestern regions of Zhengzhou
City, and carbon emissions varied considerably in the different spatial gradient rings over time.
Among the three spaces, carbon emissions associated with LUCC were mainly affected by the
living space. The population size and population urbanization rate were negatively correlated with
the ecological space and positively correlated with the production and living spaces. Our results
highlight that Zhengzhou City should take the new urbanization path of urban transformation
development and ecological civilization construction to ensure the realization of the promised
carbon emission reduction targets.

1. Introduction
The ﬁfth assessment report of the International Panel on Climate Change (IPCC) conﬁrmed that the global average temperature
during the previous century rose by 0.85  C (IPCC, 2014). Greenhouse gases (mainly carbon dioxide) emitted by human activities are
considered to be the primary cause of climate change (Turner et al., 2017). Carbon emissions resulted from land use and cover changes
(LUCCs) are part of the human disturbance to the global carbon cycle and have profound impacts on the feedbacks of land surface to
climate by altering the exchanges of heat, moisture, momentum, trace-gases, and albedo (Houghton et al., 2012; IPCC, 2013). Since the
1950s, one-third of the total global greenhouse gas emissions have been caused by LUCCs (Houghton, 1999; 2012). The changes in the
sources and sinks of carbon associated with LUCCs are signiﬁcant to the global carbon budget, and carbon emissions caused by LUCCs
may be larger than previously assumed (Arneth et al., 2017; Zhang et al., 2018).

* Corresponding author.
E-mail address: pengyanzh@126.com (P. Zhang).
https://doi.org/10.1016/j.regsus.2022.03.002
Received 1 October 2021; Received in revised form 10 February 2022; Accepted 21 March 2022
2666-660X/© 2022 Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

J. He, P. Zhang

Regional Sustainability 3 (2022) 1–11

Research on carbon emissions associated with LUCCs has revealed that they are characterized by diversiﬁed development, among
which the optimization of carbon emission structure, the degree of land diversity, the effect of carbon emissions, and carbon footprints
have become the focuses of current studies (Han et al., 2016). Most studies have used mathematical models, the Environmental Kuznets
Curve (EKC), the Kaya Logarithmic Mean Divisia Index (LMDI), and decoupling theory to focus on the carbon emissions caused by the
transformation of land use and land cover (LULC) types, such as deforestation, land reclamation, and expansion of construction land
(e.g., Houghton, 2012; Fuchs et al., 2015). Strategies have been proposed to mitigate CO2 emissions by transforming to a low-carbon
economy, but previous analyses of carbon emissions associated with LUCC have tended to focus on the application of simple spatial
representations and spatial models (e.g., spatial clustering analysis), ignoring both the temporal and spatial dynamic changes in some
parts of the space and the overall gradient changes. Therefore, gradient theory was introduced in the estimation of carbon emissions
associated with LUCC for further determination of the spatial evolution law of carbon emissions. Continued socioeconomic development
suggests that balancing the relationship between carbon emissions and economic development has become another research focus in the
ﬁeld of carbon emissions (Martínez–Zarzoso et al., 2007; Poumanyvong and Kaneko, 2010; McHenry, 2012). Niche mechanism has
gradually been a hot topic of modern ecology since it was ﬁrst proposed in the early 20th century, and it has also been applied widely in
various scientiﬁc ﬁelds because niche indicators can react to changes in certain elements in the environment (Ojiem et al., 2006; Han
et al., 2014, 2015).
Over the past several decades, China has experienced rapid economic development and has become the largest developing country
and the second largest economy in the world (Zhang et al., 2020; Nie et al., 2021). However, China also faces large climate change
challenges caused by LUCCs, which have disrupted the carbon cycle. As the provincial capital city of Henan Province and the core city of
central China, Zhengzhou City has experienced great changes in LULC patterns due to rapid urbanization. Given the expected rapid
urbanization of China and the transfer of urbanization from the large cities in eastern China to the medium cities and small towns in
central China, it is necessary to monitor carbon emissions associated with LUCC in these cities in central China. However, most previous
studies have focused on carbon emissions associated with LUCC for large developed cities (such as Beijing, Shanghai, and Shenzhen
cities) and special regions (such as the Yangtze River Delta, the Pearl River Delta, and the Beijing-Tianjin-Hebei (Jing-Jin-Ji) urban
agglomeration) in eastern China (e.g., Tian et al., 2011; Li et al., 2013; Tian et al., 2014; Gong et al., 2020), while fewer studies have
investigated the effectiveness of planning policies in the developing and lagging regions and cities in central China.
Therefore, this study focused on carbon emissions associated with LUCC in Zhengzhou City, which is the provincial capital of Henan
Province and the largest metropolis in the Central Plain Economic Region in central China. Speciﬁcally, we estimated the temporal and
spatial changes of carbon emissions associated with LUCC in Zhengzhou City from 1988 to 2015 by coupling the spatial gradient model
and the niche mechanism. While considering the production, living, and ecological spaces in Zhengzhou City, we applied the niche
mechanism to carbon emission coefﬁcients of IPCC to elucidate the spatial evolution and internal inﬂuencing mechanisms of carbon
emissions associated with LUCC from 1988 to 2015. The results of this study can provide a theoretical and practical support for
Zhengzhou City to become a low carbon emission city and to achieve sustainable development.
2. Materials and methods
2.1. Study area
Zhengzhou City (34 160 –34 580 N, 112 420 –114 140 E) is located in the central northern region of Henan Province, China. It contains

Fig. 1. Overview of the study area (Zhengzhou City).
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ﬁve county-level cities (Xinzheng, Dengfeng, Gongyi, Xingyang, and Xinmi), one county (Zhongmu), and six districts (Jinshui, Zhongyuan, Erqi, Guancheng, Shangjie, and Huiji) (Fig. 1). There are vast forests in the west and cultivated land in the east. Zhengzhou City,
as the provincial capital of Henan Province and the transportation hub of China, has been recognized as a national central city. Recently,
the urbanization of Zhengzhou City has accelerated rapidly due to encouragement by the national and provincial economic development
plans. Correspondingly, rapid industrialization and urbanization have increasingly disturbed the local ecosystems, and the environment
is facing unprecedented pressure.
2.2. Data sources
The data used in this study were mainly obtained from the statistical yearbook and remote sensing images.
(1) Statistical yearbook data. These data mainly included the output values of the primary, secondary, and tertiary sectors in
Zhengzhou City in 1988, 2001, 2009, and 2015. The output values of the primary sectors were those of farming, ﬁshing, forestry,
and population. These values were used for the calculation of carbon emissions in the three spaces (production, living, and
ecological spaces) in Zhengzhou City. The data in 1988 were obtained from the Henan Statistical Yearbook (Henan Provincial
Bureau of Statistics, 1989), while the remaining annual data were obtained from the Zhengzhou City Statistical Yearbook
(Zhengzhou Municipal Bureau of Statistics, 2010; 2012, 2016). The data from the Henan Statistical Yearbook for the corresponding years were used for the data validation.
(2) Remote sensing data. Landsat remote sensing images (https://earthexplorer.usgs.gov/) of April (with less cloud cover) in 1988,
2001, 2009, and 2015 were selected as the interpretation objects (MODIS (Moderate Resolution Imaging Spectroradiometer)
1989, 2009, 2011, and 2015). The images in 1988 and 2015 were acquired by Landsat 5 and Landsat 8, respectively, while the
images in 2001 and 2009 were both acquired by Landsat 7.
2.3. Methods
2.3.1. Land use carbon emission model
The maximum likelihood method was used for LULC classiﬁcation after the Landsat images were preprocessed with atmospheric and
geometric calibrations. Subsequently, the LULC types can be classiﬁed into cultivated land, construction land, forests, water bodies, and
unused land. The Kappa accuracy values of LULC in 1988, 2001, 2009, and 2015 were 0.81, 0.87, 0.85, and 0.87, respectively.
Except for construction land, the model used to estimate carbon emissions of the other four LULC types (cultivated land, forests,
water bodies, and unused land) is as follows (Zhang et al., 2018):
LUCe ¼

n
X

Ai  εi ; LUCe ¼

i¼1

X5
i

Ai  εi

(1)

where LUCe (t) is the carbon emissions of cultivated land, forests, water bodies, and unused land in Zhengzhou City; Ai (km2) is the area
of the ith LULC type; and εi denotes the carbon emission coefﬁcient of the ith LULC type. The carbon emission coefﬁcients of the above
LULC types are listed in Table 1.
The estimation model used for the carbon emissions from the construction land is as follows:
LUCb ¼


X γ j
 0:2727
βj  Mj ;
CQj
j¼1

(2)

where LUCb (t) is the carbon emission from the construction land in Zhengzhou City; γ j (t CO2/(  1012 J)) denotes the carbon emission
coefﬁcient of the jth energy type; CQj (t) is the energy quality from 1.0  1012 J of heat released from the jth energy type;βj is the standard
coal conversion factor of the jth energy type; and Mj (t) is the energy consumption of the jth energy type. The carbon emission coefﬁcients
and carbon emission conversion factors of energy consumption are presented in Table 2 (IPCC, 2013).
The total carbon emissions associated with all LULC types in Zhengzhou City is determined as follows:
LUC ¼ LUCb þ LUCe

(3)

where LUC (t) is the total carbon emissions associated with all LULC types.
According to previous studies, there are signiﬁcant differences and irregularities in the carbon emissions of different LULC types
Table 1
Carbon emission coefﬁcients of different land use and land cover (LULC) types.
LULC type

Carbon emission coefﬁcient (kg/(m2a))

Reference

Cultivate land
Forests
Water bodies
Unused land

0.4595
0.6125
0.0257
0.0005

Zhang et al. (2018)
Zhang et al. (2018)
Lai (2010)
Lai (2010)
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Table 2
Carbon emission coefﬁcients and carbon emission conversion factors of energy consumption (IPCC, 2013).
Fuel type

Energy carbon emission coefﬁcient (  103 t CO2/(  1012 J))

Conversion factor

Energy combustion quality (  103 t)

Crude coal
Coke
Crude oil
Diesel
Kerosene
Gasoline
Fuel oil
Natural gas

94.600
107.000
73.300
74.100
71.900
69.300
77.400
56.100

0.7143
0.9714
1.4286
1.4571
1.4714
1.4714
1.4286
1.3300

47.829
35.168
23.914
23.446
23.218
23.218
23.914
25.686

tce/t
tce/t
tce/t
tce/t
tce/t
tce/t
tce/t
tce/(  103 m3)

(Vleeshouwers and Verhagen, 2002; Plevin et al., 2015). Among them, forests, water bodies, and unused land have signiﬁcant carbon
sink functions; while construction land and cultivated land, which are greatly affected by human activities, have signiﬁcant carbon
source functions. Since carbon emissions vary for different LULC types, we reclassiﬁed the LULC types of Zhengzhou City into production, living, and ecological spaces according to the theory of production, living, and ecological spaces (Long et al., 2016; Liu et al.,
2017). Among these spaces, the production space primarily refers to cultivated land, the living space is mainly construction land, and the
ecological space consists of forests, water bodies, and unused land.
2.3.2. Niche model of carbon emissions associated with LULC
The term “niche” was ﬁrst proposed by Grinnell (1917) as a reﬂection of the space occupied by an individual or a population within
an ecosystem, as well as the status and functions. It is an important concept in ecological research and has been extended to various
scientiﬁc ﬁelds (Park, 1936; Odum et al., 1960; Hancox, 2006). The niche is also used to estimate carbon emissions associated with LULC
and to determine the sensitivity of carbon emissions to LUCC. For example, carbon emissions can be regarded as an indicator of
environmental change (McGlade and Ekins, 2015; Seneviratne et al., 2016). According to previous studies, the level of economic
development has an important effect on the changes of carbon emissions (Kivyiro and Arminen, 2014; Alshehry and Belloumi, 2015),
and carbon emissions are closely associated with economic development (Lee, 2013; Esso and Keho, 2016). Therefore, if a unit amount
of economic growth corresponds to a unit of carbon emissions reduction, then the trend of LUCC is in a rational and environmentally
beneﬁcial direction and its niche is higher. The niche model of carbon emissions associated with LULC used in this study is as follows:
Si þ Bi Pi
Ni ¼ P
Δ
n
ðSi þ Bi Pi Þ

(4)

i¼1

where Ni is the niche of carbon emissions associated with the ith LULC types; Si (t/CNY) is the state of carbon emission intensity of the ith
LULC type (i.e., the cumulative amount during the study period); Pi (t/CNY) is the potential of carbon emission intensity of the ith LULC
type (i.e., the total amount of growth during the study period); and Bi is a conversion coefﬁcient. Considering that carbon emissions
associated with LULC are affected by many factors, we only selected certain key factors.
Si ¼

Ai  Ci
Δ
Ei

(5)

where Ci (t/km2) is the carbon emissions per unit area of the ith LULC type; Ai  Ci (t) is the total amount of carbon emissions associated
with the ith LULC type; and Ei (CNY) is the total value produced by the ith LULC type.
Pi ¼

Vi  Ci
Δ
Ei

(6)

where Vi (km2) is the variation in the area of the ith LULC type. When the unit outputs of carbon emissions of the various LULC types are
equal, they have the same niches.
2.3.3. Spatial gradient model
The spatial gradient refers to the gradual change in the spatial characteristics of landscape features along a certain direction (Lin
et al., 2016), and it has been widely used to study the temporal and spatial differentiation of geographical elements (Li et al., 2017).
Urban-rural gradient analysis has been proved to be a useful tool for analyzing urban spatial expansion and its impact on the landscape
(Lin and Grimm, 2015). Previous studies have found that urban development exhibits a center-periphery structure. Urban development
level is directly proportional to the distance from the city’s center (Radford and James, 2013). Urban development and urbanization are
strongly related with the change in the carbon emissions associated with LUCC. Due to the spatial heterogeneity of different LULC types,
there are normally signiﬁcant spatial differences in carbon emissions associated with LUCC. In this study, we used the spatial gradient
theory to measure the temporal and spatial distributions of carbon emissions associated with LUCC in Zhengzhou City.
The generation of a gradient ring begins with transforming the LULC features into points. Using the Feature To Point tool in ArcMap
10.6, a point ﬁle was generated with patches, and each spot corresponded to a point. Then, 12 large gradient rings with 6 km intervals
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were generated around the city’s center (the centroid of the study area). The gradient rings were divided into four regions: northeast
(NE), southeast (SE), northwest (NW), and southwest (SW). After this quartering, the 12 large gradient rings were further divided into
48 smaller gradient rings. The numbers of these small rings in the NE, SE, NW, and SW regions were 13, 11, 11, and 13, respectively
(Fig. 2).
The gradient belts were developed along the south–north (SN) and west–east (WE) axes and were centered on the central point of the
study area. Each SN gradient belt had an interval of 9.0 km and each WE gradient belt had an interval of 3.5 km. Therefore, the entire
study area was divided into several 9.0 km  3.5 km rectangular quadrats. The SN and WE gradient belts with 61 quadrants (i.e., 20
quadrants in the SN gradient belt and 41 quadrants in the WE gradient belt) that passed through the centroid are shown in Fig. 3. We
calculate the carbon emissions in each sample quadrant.
Equation 8 illustrates the temporal and spatial changes in carbon emissions associated with LULC and the niches of carbon emissions
in the gradient spaces in Zhengzhou City.
LUCRi ¼ LUCin  LUCim ;

(7)

where LUCRi (t) is the temporal variation of carbon emissions of the ith LULC type; LUCin (t) and LUCim (t) are the carbon emissions of the
ith LULC type in nth and mth years (n > m; the study years were 1988, 2001, 2009, and 2015).
The land use niche reﬂects not only the spatial positions of the land resources occupied by a certain region in a certain period, but
also the position of the utilization mode in the regional LULC pattern. Moreover, it also shows the role of the utilization mode of the
ecological element in the processes of material circulation, energy ﬂow, and information transmission in the regional land ecosystem
and the position in the regional economic and social development. The gradient ring and gradient belt can help us to better analyze the
trend of LUCC in Zhengzhou City. The integration of the three methods could realize the combination of the spatial location, socioeconomic development status, and environmental information about the regional LUCC, which is more conducive to analyzing the
speciﬁc situation in the region and to proposing targeted suggestions.
3. Results
3.1. Temporal and spatial changes of carbon emissions in Zhengzhou City based on spatial gradient rings
Overall, carbon emissions associated with LULC in Zhengzhou City increased signiﬁcantly from 4.1  106 t in 1988 to 21.2  106 t in
2015, with an increase of 17.1  106 t (Fig. 4). Carbon emissions from both the production and living spaces increased signiﬁcantly,
while carbon sinks formed by the ecological space decreased. In addition, the changes in carbon emissions associated with LUCC varied
regionally. During 1988–2015, carbon emissions in Zhongyuan District, Jinshui District, Guancheng District, and Xinzheng City
experienced relatively rapid growths of 1886.1%, 1546.1%, 1269.9%, and 1093.9%, respectively.
From 1988 to 2015, carbon emissions associated with LUCC exhibited a center-periphery spatial distribution, and the different
gradient rings made various contributions to carbon emissions associated with LUCC (Fig. 5). Carbon emissions associated with LUCC in

Fig. 2. Spatial distribution of the gradient rings for different land use and land cover (LULC) types in Zhengzhou City in 1988 (a), 2001 (b), 2009 (c),
and 2015 (d). NE, SE, NW, and SW represent the northeast, southeast, northwest, and southwest directions around the city center, respectively.
5
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Fig. 3. Spatial distribution of the gradient belts of different LULC types in Zhengzhou City in 1988 (a), 2001 (b), 2009 (c), and 2015 (d). There were
20 quadrants in the south–north (SN) gradient belt and 41 quadrants in the west–east (WE) gradient belt. Carbon emissions were calculated in each
quadrant in the SN and WE gradient belts.

Fig. 4. Changes in carbon emissions associated with LULC in various county-level cities, counties, and districts in Zhengzhou City in 1988, 2001,
2009, and 2015.

the NE, SE, NW, and SW regions increased by 7.7  106, 4.2  106, 3.2  106, and 2.1  106 t, respectively, during the period from 1988
to 2015. The upward trend of carbon emissions associated with LUCC in the SE5SE6 gradient rings was signiﬁcant, with an increase of
341.3% from 1988 to 2015. During 2001–2009, the increase rate of carbon emissions associated with LUCC decreased in most of the
gradient rings, and only the NE5 gradient ring increased by more than 0.2  106 t. From 2009 to 2015, there was a signiﬁcant reduction
in carbon emissions associated with LUCC in the SW region, while the NE region experienced a notable increase. The increase of carbon
emissions associated with LUCC in the NE4 and NE5 gradient rings accounted for 38.2% of the total increase of carbon emissions in the
NE region. Generally, the increase rate of carbon emissions associated with LUCC in Zhengzhou City gradually decreased from 1988 to
2015.
There was an increase in carbon emissions per unit area of LULC across Zhengzhou City during 1988–2015 (Fig. 6). In addition, there
were signiﬁcant peak areas in the NE, SE, NW, and SW regions. Compared with 1988, carbon emissions per unit area of LULC in the NE3
gradient ring were 10.3 times higher in 2015 (7.0  103 t/km2). In the SE region, the peak area of carbon emissions per unit area of LULC
was located in the SE6 gradient ring, but its carbon emissions were signiﬁcantly lower than those in the NE region. The NW7 gradient
ring was the peak area of carbon emissions per unit area of LULC in the NW region, with the value of 4.0  103 t/km2 in 2015. Generally,
carbon emissions per unit area of LULC in the SW region ﬂuctuated during the study period.
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Fig. 5. Temporal and spatial changes of carbon emissions associated with LUCC in Zhengzhou City in 1988, 2001, 2009, and 2015 based on the
spatial gradient rings.

Fig. 6. Temporal and spatial changes in carbon emissions per unit area of LULC in the gradient rings of the NE (a), SE (b), NW (c), SW (d) regions in
Zhengzhou City) in 1988, 2001, 2009, and 2015.

3.2. Temporal and spatial variations in carbon emissions in the three spaces based on the spatial gradient belts
During the study period, carbon emissions associated with LUCC in the gradient belts were jointly controlled by the three spaces
(production, living, and ecological spaces), particularly the living space (Fig. 7). There was a notable spatial heterogeneity in the carbon
sink capabilities of the ecological space in Zhengzhou City. The quadrants with the numbers of 10–14 in the WE gradient belt were the
peak areas of carbon emissions in the ecological space, while they became the valley areas in the production and living spaces. This
distribution was signiﬁcantly affected by regional policies. From 1988 to 2015, the main development plans for Zhengzhou City were
divided into the demonstration area of urban-rural integration on the Zhengzhou–Xinxiang Plain in the north (plain new area), the
comprehensive experimental area of the Zhengzhou airport economy in the south, the Zhengzhou–Kaifeng integration area in the east,
and the Zhengzhou–Luoyang integration area in the west, with the east and south as the main development directions. This caused great

7
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Fig. 7. Temporal and spatial variations in carbon emissions associated with LULC in the production space (a and b), living space (c and d), ecological
space (e and f), and Zhengzhou City (g and h) base on the WE and SN spatial gradient belts.

heterogeneity in the spatial proportion and location of different LULC types, resulting in signiﬁcant spatial differences in carbon
emissions associated with LULC.

Fig. 8. Carbon emission niches in the production space, living space, and ecological space in Zhengzhou City in 1988, 2001, 2009, and 2015.
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3.3. Carbon emission niches and their evolution mechanisms in the three spaces
From 1988 to 2015, in contrast to the ecological space with a signiﬁcant downward trend in carbon emissions, the carbon emission
niches in the production and living spaces increased by 0.17 and 0.11, respectively, but the decrease range of the former was higher than
that of the latter (see Fig. 8). To some extent, this implied that there were large differences in the impacts of the economic development
in the three spaces.
As can be seen from Table 3, the population size and population urbanization rate were signiﬁcantly correlated with the carbon
emission niches of the three spaces. Speciﬁcally, the population size and population urbanization rate were negatively correlated with
the carbon emission niche in the ecological space. This was consistent with our general conclusion that the sustainable management of
forests (e.g., improving afforestation and reducing deforestation) had a positive effect on tackling climate change and absorbing carbon
emissions. Furthermore, the population size and population urbanization rate were the major drivers for the increase of the carbon
emission niches in the production and living spaces, respectively.
4. Discussion
This study provides a method for evaluating the temporal and spatial changes in carbon emissions associated with LUCC in the
production, living, and ecological spaces through a case study in Zhengzhou City. The results of this study revealed the variations in
carbon emissions associated with LUCC from the three spaces. In addition to the widely researches conducted in the forests, cropland,
and grassland (Fang et al., 2001, 2007; Piao et al., 2009), which typically utilized a single LULC type to analyze the trends of carbon
emissions from land management and LUCC (Hong et al., 2021), we analyzed ﬁve major LULC types (cultivated land, construction land,
forests, water bodies, and unused land) in this study. In terms of carbon emissions analysis, the method used in this study had several
advantages. First, carbon emissions included those from cultivated land, construction land, forests, water bodies, and unused land.
Second, the calculations of carbon emissions associated with LULC were based on large ﬁeld investigations and local statistical data (Lai,
2010; Zhang et al., 2018), which can well reﬂect the actual situation of Zhengzhou City. Third, we used the latest fossil fuel data in the
carbon emission simulation of construction land, and established the model based on the experiences in cities of China, such as
Guangzhou City (Xu et al., 2016), Nanjing City (Chuai et al., 2018), and Changzhou City (Zhang et al., 2018).
Although this study improves the accuracy of the carbon emission assessment in some ways, there are still several limitations that
should be addressed in future work. First, in this study, the estimation of carbon emissions in regional LULC was mainly based on land
use data and energy consumption data. Therefore, improving the accuracy of LULC data and energy consumption data is the key to
promoting research on carbon emissions associated with LULC (Zhu et al., 2019). The existing LULC data were land use change survey
data for various regions. Further discussion and analysis regarding how to use remote sensing technology to obtain high-resolution LULC
data are needed. It is easy to obtain energy consumption data at the national and provincial levels, but there are still some problems in
obtaining energy consumption data at the city, county, and district levels (Zhang and Cheng, 2009). In addition, there are also problems
in the effective correlation between energy consumption data to construction land. How to extract the energy consumption data is
worthy of in-depth study and discussion in the future (Long et al., 2015). The key point of this method is the determination of the carbon
emission coefﬁcients. Although there is a consensus regarding the technical methods of carbon emission estimation, there are no uniﬁed
standards for the carbon emission coefﬁcients, most of which are empirical values (Hong et al., 2021). Therefore, the relationship
between the different spatial scales and the calculation of the carbon emission coefﬁcients needs to be further studied. The carbon
emission coefﬁcients of different regional spaces will be the focus of future research. Observations and experimental researches on
natural carbon storage and the carbon ﬂuxes of different LULC types should be conducted in typical areas to obtain the background
values and correction values of the carbon emission coefﬁcients; and national and regional standards for the carbon emission coefﬁcients
should be gradually developed to lay a solid foundation for future carbon emission estimation (Soytas et al., 2007).
5. Conclusions
In this study, we analyzed the temporal and spatial changes in carbon emissions associated with LUCC for production, living, and
ecological spaces in Zhengzhou City of China. Landsat remote sensing images were used to classify the land use and land cover (LULC)
types in Zhengzhou City in 1988, 2001, 2009, and 2015. Carbon emissions associated with LUCC were evaluated using a spatial gradient
model and the niche mechanism. It was found that carbon emissions associated with LUCC in Zhengzhou City increased signiﬁcantly
from 1988 to 2015. In particular, the carbon source effects of construction land increased, while the carbon sink effects of cultivated
land, forests, water bodies, and unused land decreased signiﬁcantly. Moreover, there were notable changes in carbon emissions associated with LULC in the various spatial gradient rings. Carbon emissions exhibited a center-periphery structure. During the study period,
carbon emissions in the spatial gradient belts were mainly affected by the living space, and the expansion degree of the living space in
the WE gradient belt was greater than that in the NS gradient belt. In addition, the population size and population urbanization rate were
signiﬁcantly negatively correlated with carbon emission niches in the ecological space, while they were signiﬁcantly positively
correlated with carbon emission niches in the production and living spaces. Due to there are numerous factors affecting carbon emission
niche, it is impossible to comprehensively measure the comprehensive inﬂuence of multiple factors. We recommend that future studies
could further carry out the calculation of carbon emission niche and the research on the temporal and spatial evolution mechanism, so as
to further clarify the main factors driving the change of carbon emission niche.
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Table 3
Pearson correlation coefﬁcients between the carbon emission niches of the three spaces and the inﬂuencing factors.
Space

Population size

Per capita GDP

Population urbanization rate

Energy intensity

Production space
Living space
Ecological space

0.99***
0.92*
0.98**

0.90
0.93*
0.92*

0.94*
0.97**
0.96**

0.94*
0.91*
0.94*

Note: ***, **, and * indicate signiﬁcance levels of 1%, 5%, and 10%, respectively.
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